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ABSTRACT 

Iron-pillared montmorillonites were prepared by several methods and tested 
in hydrocracking and hydrogenation reactions. 
intercalated clays was necessary for maximum activities, as was removal of 
residual sodium ions by exchange with ammonium ions. Calcination and sulfidation 
of the iron-pillared clays resulted in the formation of pyrrhotite, much of it in 
particles large enough to exhibit sharp XRD peaks. Thus the iron tends to 
migrate from its originally dispersed state, and surface area decreases with 
collapse of the layers. Alumina-pillaring prior to, or simultaneously with, 
intercalation of the iron resulted in more stable catalysts. 
effects of clay acidity and hydrogen activation by the pyrrhotite resulted in 
high conversions in hydrocracking and hydrogenation tests. 
pyrrhotite resulted in minimal coking and condensation reactions. 

Rapid collection of the iron- 

The combined 

The presence of 

INTRODUCTION 

The goal of the UFDA catalyst research program is the development of 
disposable, highly dispersed, high surface area catalysts for the direct 
liquefaction of coal. These catalysts consist o f  sulfided iron clusters 
intercalated into smectite clays. 
silicate minerals, commonly found as components of soils and sediments and often 
found as large, mineralogically pure deposits (1) .  
useful in many chemical applications because of their small particle size (t2 p ) ,  
appreciable surface area for adsorption of organic molecules, and unique 
intercalating capabilities. Hence, they are utilized for supporting 
microcrystalline or metal cluster catalytic sites. Acid-modified smectites were 
used for a number o f  years a s  petroleum-cracking catalysts in the Houdry process, 
giving gasoline in high yields (1). In the mid 1960s they were replaced by more 
thermally stable and selective zeolite catalysts. 

The use of large stable cations to pillar the aluminosilicate layers of 
clays results in the formation of porous networks analogous t o  zeolites. In 
these pillared clays, intercalation of hydroxylated or complexed metal cations 
maintains the clay layer structure after loss of water and generates a large 
micropore dimension. These structures are stable up to 450" to 500°C in contrast 
to the nonpillared clays which dehydrate and collapse at temperatures over 200°C. 
Acid zeolites are more stable at high temperatures; however, their pores are too 
narrow to be useful for coal macromolecules. The advantage of the pillared clay 
catalyst over the zeolites is that pore size can be controlled and made larger 

The smectite clays are swelling phyllo- 

These materials are highly 
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than t h a t  o f  most o f  t h e  z e o l i t e s .  
be more e f f e c t i v e  i n  c rack ing  the  l a r g e  coal  macromolecules than the  conventional 
c a t a l y s t s .  The i n t e n t  o f  t h i s  work i s  t o  d iscover  how t o  o b t a i n  f i n e l y  dispersed 
i r o n  s u l f i d e  ( p y r r h o t i t e )  c a t a l y t i c  s i t e s  i n  the p i l l a r e d  c l a y  s t r u c t u r e  t h a t  
w i l l  be usefu l  f o r  coal  l i q u e f a c t i o n .  

Therefore, these p i l l a r e d  c l a y  c a t a l y s t s  may 

RESULTS AND DISCUSSION 

I n i t i a l  work was concerned w i t h  p repara t i on  methods f o r  i r o n - p i l l a r e d  
mon tmor i l l on i tes .  
p a r t i c l e  s i ze  i n  an aqueous medium w i t h  low concen t ra t i ons  o f  base. 
was p re fe r red  f o r  metal i o n  exchange reac t i ons  t h a t  g i v e  the i n t e r c a l a t e d  clays, 
s ince t h e  c l a y  l a y e r s  are h i g h l y  separated i n  t h i s  s t a t e  and mass t rans fe r  i s  
rap id .  I r o n  i n  the form o f  a p o l y o x y t r i i r o n  (111) complex 
(heptaacetatohydroxytriiron n i t r a t e )  was exchanged f o r  t h e  i n t e r l a y e r  ca t i ons  o f  
the d ispersed sodium mon tmor i l l on i te  ( 2 ) .  
subsequently ca l c ined  t o  form the  s t a b l e  po l yoxy i ron  c a t i o n - p i l l a r e d  c lays .  For 
c r e a t i o n  o f  c a t a l y t i c  s i t e s  f o r  a c t i v a t i o n  o f  hydrogen, t h e  oxy i ron  species were 
converted t o  s u l f i d e  forms by treatment w i t h  hydrogen s u l f i d e  o r  carbon 
d i  sul f i d e .  

The sodium form o f  t h i s  c l a y  d isperses t o  an extremely f i n e  
This  form 

The iron-exchanged c l a y s  were 

I n t e r c a l a t i o n  o f  p o l y o x y t r i i r o n  r e s u l t e d  i n  a change i n  p a r t i c l e - s i z e  
d i s t r i b u t i o n ,  w i t h  a subs tan t i a l  p o r t i o n  o f  l a r g e r  p a r t i c l e s  (78%) being formed 
by agglomeration o f  t he  very f i n e  p a r t i c l e s .  A f i n e  p a r t i c l e  f r a c t i o n  was a l s o  
i s o l a t e d  by high-speed c e n t r i f u g a t i o n .  
m a t e r i a l s  c o n s i s t i n g  o f  l a r g e r  p a r t i c l e s .  
ca l c ined  c a t a l y s t  precursor  f r a c t i o n s  showed t h a t  hemat i te  and maghemite (both 
Fe,O,) had formed. The ma te r ia l  from the  f i n e  c l a y  p a r t i c l e s  conta ined hematite 
i n  g rea te r  abundance than t h a t  f r o m  the l a r g e r  p a r t i c l e s .  
d i f f e r e n t  composit ions du r ing  the  c a l c i n a t i o n  o f  t he  iron-exchanged c lays  may be 
a t t r i b u t e d  t o  p a r t i a l  h y d r o l y s i s  o f  t he  t r i i r o n  c l u s t e r s  du r ing  washing and 
c o l l e c t i o n  procedures. The f i n e  p a r t i c l e s  were exposed t o  water f o r  a much 
g rea te r  pe r iod  o f  t ime. These data appear t o  be s i m i l a r  t o  those obta ined by Lee 
and o the rs  (3) f o r  p i l l a r i n g  w i t h  hydro lyzed f e r r i c  c h l o r i d e ,  which i n d i c a t e d  
t h a t  hemat i te  p a r t i c l e s  had formed. The do,, peak corresponding t o  the  i n t e r l a y e r  
spacing was q u i t e  broad i n  the 20 p l o t  f o r  both samples, i n d i c a t i n g  t h a t  spacings 
are i r r e g u l a r  i n  the  ca l c ined  products. 

The d i f f e r e n c e  i n  i r o n  ox ide composit ion between the  ca l c ined  f i n e  and 
l a r g e r  p a r t i c l e s  o f  i n t e r c a l a t e d  c lay  was f u r t h e r  i n v e s t i g a t e d  by us ing a more 
r a p i d  method i n  c o l l e c t i o n  o f  t he  f i n e  p a r t i c l e s .  X-ray d i f f r a c t i o n  o f  the 
ca l c ined  c lays  from the  f i n e  p a r t i c l e s  had a much smal ler  amount o f  hemat i te  than 
the c l a y  prepared by the former method. Thus the  20 p l o t s  o f  c a t a l y s t  precursors 
obta ined from bo th  the f i n e  and l a r g e r  p a r t i c l e s  i n  t h i s  p repara t i on  were very 
s i m i l a r .  

Methods f o r  conversion o f  the oxy i ron - in te rca la ted  c l a y s  t o  a c t i v e  s u l f i d e  
forms were compared. S u l f i d a t i o n  was c a r r i e d  out  e i t h e r  by hea t ing  the ca lc ined 
precursor  w i t h  a m ix tu re  of H,S (100 p s i )  and H, (900 p s i )  i n  the  rock ing  heater  
a t  400°C f o r  2 h r  o r  by i n  s i t u  r e a c t i o n  w i t h  40 mg o f  carbon d i s u l f i d e  t h a t  was 
added w i t h  the t e s t  compound, deca l i n  so lvent ,  o r  coal ,  depending on the  reac t i on  
being c a r r i e d  out .  The c a t a l y s t s  prepared by t reatment  w i t h  H,S e x h i b i t e d  major 
peaks corresponding t o  p y r r h o t i t e .  The p y r r h o t i t e  peaks were r e l a t i v e l y  narrow, 
i n d i c a t i n g  t h a t  t h e  p a r t i c l e  s i ze  o f  t he  i r o n  s u l f i d e  i n  the c a t a l y s t  may be 
l a r g e r  than des i red  f o r  h igh  c a t a l y s t  a c t i v i t y .  
cond i t i ons  may have mob i l i zed  the  i r o n  i n  the p i l l a r s  so t h a t  some l a r g e r  i r o n  
s u l f i d e  p a r t i c l e  formed, as described by Lee and o the rs  ( 3 ) .  I n  con t ras t ,  the 

Ca lc ina t i on  o f  t h e  two f r a c t i o n s  gave 
X-ray d i f f r a c t i o n  s tud ies  o f  both 

The format ion o f  these 

S u l f i d a t i o n  under these 
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c a t a l y s t s  a c t i v a t e d  b y  i n  s i t u  t reatment w i t h  CS, d i d  n o t  show s i g n i f i c a n t  peaks 
f o r  p y r r h o t i t e  o r  p y r i t e .  Since s u l f i d a t i o n  d i d  occur, t h e  i r o n  s u l f i d e  species 
i n  these c a t a l y s t s  must be v e r y  minute. As descr ibed below, these c a t a l y s t s  had 
super io r  hydrocracking a c t i v i t i e s  . 

d i f f r a c t i o n  showed t h a t  much o f  the  i r o n  was converted t o  p y r i t e  r a t h e r  than 
p y r r h o t i t e .  The p y r i t e - c o n t a i n i n g  c a t a l y s t  was e a s i l y  converted back t o  the  
p y r r h o t i t e  form by f u r t h e r  t reatment w i t h  hydrogen a t  400°C. 

c a t a l y s t s  were 156 and 181 m'/g, r e s p e c t i v e l y .  
p a r t i c l e  i r o n - p i l l a r e d  c l a y  c a t a l y s t  i n  H,S and H, a t  400°C f o r  2 hours, the  
surface area dropped t o  17 m'/g. 
co l lapse o f  t h e  i n t e r l a y e r  s t r u c t u r e  o r  fo rmat ion  o f  i r o n  s u l f i d e  agglomerates. 

When s u l f i d a t i o n  was c a r r i e d  out  w i t h  l a r g e r  amounts o f  H,S, x-ray 

Surface areas of t h e  f i n e  p a r t i c l e  and l a r g e  p a r t i c l e  i r o n - p i l l a r e d  c l a y  
However, on s u l f i d i n g  t h e  f i n e  

The r e d u c t i o n  i n  sur face  i n d i c a t e s  an undesired 

Hydrocracking a c t i v i t i e s  o f  i r o n - p i l l a r e d  c l a y  c a t a l y s t s  were determined by 
r e a c t i n g  w i t h  b ibenzy l  as the  t e s t  compound. Reactions were c a r r i e d  o u t  a t  350°C 
f o r  3 hours i n  t h e  presence o f  1000 p s i  o f  molecular hydrogen i n  a I O - m i  rock ing  
autoclave reac tor .  The c a t a l y s t s  were recovered i n  q u a n t i t a t i v e  amounts, and no 
re t rograde r e a c t i o n s  o r  coke were observed d u r i n g  reac t ions .  

Comparison o f  t h e  b ibenzy l  hydrocracking r e s u l t s  f o r  the  i n i t i a l  s u l f i d e d  
c a t a l y s t s  prepared from the  f i n e  and l a r g e r  i r o n - p i l l a r e d  c l a y  p a r t i c l e s  showed 
t h a t  the c a t a l y s t  f rom t h e  hemat i te -conta in ing  f i n e s  had a much lower a c t i v i t y  
(62% conversion) than the  c a t a l y s t  f rom the  l a r g e  p a r t i c l e s  (80% conversion).  
The lower a c t i v i t y  o f  the  c a t a l y s t  f rom the  f i n e s  was a t t r i b u t e d  t o  h y d r o l y s i s  
reac t ions  t h a t  occurred p r i o r  t o  c a l c i n i n g .  For the  second batch o f  p i l l a r e d  
c l a y s  t h a t  were r a p i d l y  c o l l e c t e d ,  t h e  b ibenzy l  hydrocracking a c t i v i t i e s  o f  the  
s u l f i d e d  c a t a l y s t s  were e s s e n t i a l l y  i d e n t i c a l  f o r  the  f i n e  and l a r g e r  p a r t i c l e s  
( 7 9  and 80% conversion, r e s p e c t i v e l y ) .  
low hemati te content o f  both p recursors  as demonstrated by t h e  s i m i l a r  26 p l o t s  
descr ibed above. 

s u l f i d e d  i r o n - p i l l a r e d  c l a y s  prov ided in fo rmat ion  on t h e  na ture  o f  the  
hydrocracking a c t i v i t y  f o r  t h e  c a t a l y s t s .  The major products were benzene, 
to luene, and ethylbenzene. 
and the amount o f  benzene was cons iderab ly  more than ethylbenzene, i n d i c a t i n g  the  
fu r ther  c rack ing  o f  t h e  ethylbenzene t o  benzene. 
of t h e  Bronsted a c i d  c a t a l y s i s  mechanism. 
p ro tonat ion  o f  an aromat ic r i n g  o f  b ibenzy l ,  fo l lowed by aryl-methylene bond 
cleavage t o  form benzene and pheny le thy l  carbonium i o n .  
carbonium i o n  i s  reduced t o  ethylbenzene by hydr ide  t r a n s f e r  o r  hydrogenation, o r  
i t  could undergo a v a r i e t y  o f  r e a c t i o n s  t o  g i v e  o ther  products.  Th is  r e a c t i o n  
mechanism i s  common i n  r e a c t i o n s  ca ta lyzed by c lays  and clay-supported c a t a l y s t s .  
The format ion o f  to luene probab ly  occurs v i a  a Lewis a c i d  ca ta lyzed mechanism, 
s ince  the  temperature i s  too  low f o r  homoly t i c  cleavage o f  t h e  c e n t r a l  bond i n  
bibenzyl .  Reduction of carbonium i o n  in te rmed ia tes  i n  the  r e a c t i o n  may o r  may 
n o t  i n v o l v e  t h e  i r o n  s i t e s .  

The bibenzyl  c rack ing  products inc luded many hundreds o f  o t h e r  components, 
i n d i c a t i v e  o f  rearrangements and hydrogen a d d i t i o n  as w e l l  as hydrocracking. 
Par t  of  the  s i n g l e - r i n g  aromat ics was hydrogenated t o  g i v e  cycloalkanes i n  t h e  
reac t ions  w i t h  s u l f i d e d  c a t a l y s t s .  A s u b s t a n t i a l  amount of methylcyclohexane was 
formed, probably f rom cleavage o f  the  t e r t i a r y  carbonium i o n  der ived  from 

Th is  observa t ion  was c o n s i s t e n t  w i t h  the  

Examination o f  t h e  products obtained from the  r e a c t i o n s  o f  b ibenzy l  w i t h  

Benzene and e t h y l  benzene were the  l a r g e s t  products,  

These products are i n d i c a t i v e  

The pheny le thy l  

The mechanism invo lves  the  i p s o  
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phenylethylcyclohexane o r  hydrogenat ion o f  t h e  r ing-pro tonated  b ibenzy l  . Minor 
components formed as a r e s u l  t o f  hydrocrack ing  were propylbenzene, b u t y l  benzene, 
t e t r a 1  i n ,  e thy l  b i  benzyl,  and phenylethyl  b ibenzy l  , etc .  The a1 k y l  benzene products 
r e s u l t e d  from hydrogenat ion of b i  benzyl fo l lowed by c rack ing  reac t ions ,  probably 
i n v o l v i n g  Lewis a c i d  s i t e s .  

concent ra t ion  of i r o n  in t roduced i n t o  t h e  c l a y .  
might r e s u l t  i n  a lower number o f  p i l l a r s  and, consequently, r e s u l t  i n  a l a r g e r  
micropore volume. Exchange of  one- th i rd  o f  t h e  t o t a l  equ iva len ts  o f  sodium by 
t h e  t r i i r o n  ace ta te  c a t i o n  r a t h e r  than us ing  an excess o f  t h e  t r i i r o n  gave a 
c a t a l y s t ,  a f t e r  c a l c i n a t i o n  and s u l f i d a t i o n  o f  t h e  l a r g e  p a r t i c l e  f r a c t i o n ,  t h a t  
was as a c t i v e  i n  hydrocracking r e a c t i o n s  (79% conversion) as the  c a t a l y s t  
prepared prev ious ly  w i th  excess tr i i r o n  complex. The f i n e  p a r t i c l e  f r a c t i o n  had 
a lower a c t i v i t y  (33% conversion).  

The presence o f  excess sodium i n  t h e  c a t a l y s t  b r i n g s  up a ques t ion  regarding 
t h e  poss ib le  l o s s  of Bronsted a c i d  s i t e s  due t o  t h e  presence o f  sodium ca t ions .  
The sodium ions were exchanged ou t  o f  one o f  t h e  c l a y s  ( f rom the  f i n e  p a r t i c l e s )  
w i t h  ammonium ions  f o l l o w i n g  t h e  iron-exchange. C a l c i n a t i o n  o f  t h i s  precursor t o  
d r i v e  o f f  ammonia gave a more a c t i v e  c a t a l y s t  (64% conversion compared w i t h  33%), 
because o f  regenera t ion  o f  the  Bronsted a c i d  s i t e s .  

A comparison o f  t h e  s u l f i d e d  versus nonsu l f ided  forms o f  the  i r o n - p i l l a r e d  
c l a y s  showed t h a t  t h e  nonsu l f ided  forms had a much lower hydrocracking a c t i v i t y  
(36 and 40% conversions f o r  f i n e  and l a r g e  p a r t i c l e s ,  r e s p e c t i v e l y ) .  
values are  cons is ten t  w i t h  those obtained f o r  o t h e r  c l a y  supports. 
products from nonsu l f ided  c a t a l y s t s  were t h e  same as those obtained w i t h  s u l f i d e d  
c a t a l y s t s .  The major d i f f e r e n c e  i n  a c t i v i t y  f o r  t h e  nonsu l f ided  c l a y s  was t h e  
lower conversion, lower amounts o f  cyclohexanes, and lower p r o p o r t i o n  o f  
ethylbenzene. Some o f  the  r e a c t i o n  products were a d d i t i o n  products o f  b ibenzy l  
t h a t  may be regarded as F r i e d e l  C r a f t s  a d d i t i o n  products.  However, extensive 
condensation and coke fo rmat ion  were n o t  observed i n  the  reac t ion .  I n  
comparison, a c i d i c  c l a y  c a t a l y s t s  gave l a r g e r  amounts o f  condensation products .  
Our r e s u l t s  i n d i c a t e  t h a t  i r o n - p i l l a r e d  c l a y s  are  e f f e c t i v e  i n  c leav ing  a r y l -  
methylene and o t h e r  C-C bonds a t  lower (350°C) temperature. 

and/or s u l f i d a t i o n  t reatments appear t o  m o b i l i z e  t h e  i r o n  and generate p a r t i c l e s  
o f  the  i r o n  ox ide  and s u l f i d e  t h a t  are l a r g e r  than d e s i r e d  f o r  maximum 
u t i l i z a t i o n  o f  the  i r o n .  
t o  co l lapse o f  t h e  l a y e r  s t ruc tu re .  
p i l l a r e d  c l a y s  o r  o f  a lumina-p i l la red  c l a y s  as supports f o r  p y r r h o t i t e  a c t i v e  
s i t e s  may g i v e  a more e f f e c t i v e  p a r t i c l e  s i z e  f o r  t h e  i r o n  s i t e s  and more s tab le  
p i l l a r e d  s t ruc tu res .  
su l  f i d a t i o n  t reatments.  

d ispers ions  w i t h  the  oxyaluminum cat ion ,  and var ious  methods were i n v e s t i g a t e d  
f o r  i n t e r c a l a t i o n  o f  t h e  i r o n .  
p i l l a r s  composed o f  alumina and o f  i r o n  oxide were prepared by i n t e r c a l a t i o n  o f  
sodium m o n t m o r i l l o n i t e  f i r s t  w i t h  oxyaluminum c a t i o n s  and then w i t h  oxy i ron  
ca t ions  (sequent ia l  p i l l a r i n g ) .  These m a t e r i a l s  d i f f e r e d  i n  the  amounts of 
alumina and i r o n  oxide introduced. A f t e r  c a l c i n i n g  and s u l f i d i n g  w i t h  hydrogen 
sul f idelhydrogen mix tu re ,  these c a t a l y s t s  e x h i b i t e d  h i g h  a c t i v i t i e s ,  w i t h  
conversions o f  85 t o  88% i n  hydrocracking t e s t s  w i t h  b ibenzy l .  N e i t h e r  the  

A second f a c t o r  i n  determining t h e  a c t i v i t y  o f  the  c a t a l y s t s  was the  
Use o f  a smal le r  amount o f  i r o n  

These 
Major 

A general problem w i t h  the  i r o n - p i l l a r e d  c l a y s  i s  t h a t  t h e  c a l c i n a t i o n  

Surface areas are  a l s o  s u b s t a n t i a l l y  decreased, owing 
The use o f  d i s c r e t e  mixed alumina/ i ron- 

The aluminum p i l l a r s  a re  s t a b l e  t o  c a l c i n i n g  and 

Aluminum p i l l a r s  were in t roduced by t rea tment  o f  sodium m o n t m o r i l l o n i t e  

Several p i l l a r e d  c l a y  c a t a l y s t s  w i t h  d i s c r e t e  
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concen t ra t i on  of  alumina o r  i r o n  had a s i g n i f i c a n t  e f f e c t  on the  a c t i v i t i e s ,  and 
a r e l a t i v e l y  low i r o n  concen t ra t i on  (500 ppm) was q u i t e  a c t i v e  i n  the t e s t s .  

t h i s  method, t h e  oxyaluminum ca t ions  and the  oxy i ron  ca t i ons  were added 
s imul taneously  t o  the  sodium m o n t m o r i l l o n i t e  i n  l a r g e  excess. 
obta ined by c a l c i n i n g  and s u l f i d i n g  as above was n e a r l y  equa l l y  e f f e c t i v e  i n  
hydrocrack ing t e s t s  w i t h  b ibenzy l  (83% convers ion) .  Thus e i t h e r  the  
s imul taneously  o r  s e q u e n t i a l l y  mixed p i l l a r e d  c lays  gave s t a b l e  c lays  con ta in ing  
e f fec t i ve  concentrat ions of  p y r r h o t i t e  and a c i d i c  s i t e s  f o r  c a t a l y s i s .  

The t h i r d  method for  p repar ing  mixed p i l l a r e d  c l a y s  u t i l i z e d  a mixed 
oxymetal c a t i o n  complex composed ma in l y  o f  aluminum w i t h  a small  amount o f  i r on .  
Th is  a l l o y - p i l l a r i n g  gave a c a t a l y s t  w i t h  lower  a c t i v i t y  i n  hydrocrack ing t e s t s  
(72% conversion). X-ray d i f f r a c t i o n  showed t h a t  i r o n  from the  a l l o y  p i l l a r  had 
been converted t o  p y r r h o t i t e  by t h e  s u l f i d a t i o n ;  hence, the lower  a c t i v i t y  i s  
probably  due t o  some co l l apse  o f  t he  p i l l a r e d  s t r u c t u r e  du r ing  t h i s  
t rans fo rma t ion  o f  t he  i r o n .  

Since t h e  presence o f  sodium i o n s  was found t o  e x e r t  a s i g n i f i c a n t  negat ive 
e f f e c t  on hydrocrack ing conversion, one o f  t h e  s e q u e n t i a l l y  p i l l a r e d  c a t a l y s t s  
was t rea ted  w i t h  ammonium n i t r a t e  i n  order  t o  exchange ou t  any remaining sodium 
ions.  A f t e r  c a l c i n a t i o n  t o  v o l a t i l i z e  the  ammonia and s u l f i d a t i o n ,  t he  c a t a l y s t  
gave a s l i g h t l y  b e t t e r  conversion i n  t h e  b ibenzy l  hydrocrack ing t e s t  (89%). 

The method o f  s u l f i d i n g  the  i r o n  i n  the  mixed m e t a l - p i l l a r e d  c a t a l y s t  was 
a l s o  var ied.  By adding a small  amount o f  carbon d i s u l f i d e  t o  the r e a c t i o n  r a t h e r  
than p r e s u l f i d i n g  the c a t a l y s t  w i t h  hydrogen su l f ide lhydrogen,  a s i g n i f i c a n t l y  
h ighe r  conversion o f  b ibenzy l  was obta ined (94%). The reason f o r  h ighe r  a c t i v i t y  
i s  suspected t o  be t h a t  the p y r r h o t i t e  p a r t i c l e  s i z e  i s  smal ler  w i t h  t h i s  method 
o f  s u l f i d i n g  (see  discuss ion above). 

In a d d i t i o n  t o  e f f e c t i v e  c a t a l y s i s  o f  hydrocrack ing reac t i ons  a t  moderate 
temperatures, the i r o n - p i l l a r e d  c l a y s  were e f f e c t i v e  c a t a l y s t s  f o r  c a t a l y z i n g  the 
hydrogenation o f  pyrene. Hydrogenation o f  pyrene w i t h  a s u l f i d e d  (H,S/H,) i r o n -  
p i l l a r e d  c l a y  c a t a l y s t  a t  350°C f o r  3 h r  gave an 88% conversion t o  hydrogenated 
pyrenes. The hydropyrene y i e l d s  were b e t t e r  than those obta ined w i t h  s u l f i d e d  
n i c k e l  molybdenum under i d e n t i c a l  cond i t i ons  (69%). Conversion t o  t h e  
hexahydropyrenes had n o t  proceeded ve ry  f a r  i n  the  l a t t e r  case. A mixed metal- 
p i l l a r e d  c a t a l y s t  was tes ted  w i t h  pyrene a t  400°C i n  the  rock ing  m ic ro reac to r  w i t h  
1000 p s i  o f  hydrogen (measured a t  room temperature). A 68% conversion o f  the 
pyrene was obta ined.  The lower  y i e l d  i s  cons i s ten t  w i t h '  t h e  smal ler  e q u i l i b r i u m  
constant  f o r  hydrogenation a t  the h ighe r  temperature. Impor tan t l y ,  hydrocracking 
of t h e  hydrogenated pyrenes was observed (20%) a t  t he  h ighe r  temperature. A t  
440°C, the  conversion o f  pyrene dropped t o  50%, and the  y i e l d  o f  hydrocracked 
products  increased s l i g h t l y  (23%). 

P re l im ina ry  l i q u e f a c t i o n  t e s t i n g  w i t h  Wyodak subbituminous coal  i n  t e t r a l i n  
so lvent  was performed us ing the  d i s c r e e t  a l u m i n a / i r o n - p i l l a r e d  c a t a l y s t .  
l i q u e f a c t i o n  r e a c t i o n  was c a r r i e d  ou t  a t  425°C f o r  1 h r  i n  a 71-mL r e a c t o r  w i t h  
1000 p s i  hydrogen (measured a t  ambient temperature). The c a t a l y s t  was s u l f i d e d  
by adding a small  amount o f  carbon d i s u l f i d e .  THF i nso lub les ,  THF so lub les,  and 
to luene so lub les  were measured by weighing. The pentane so lub les  consis ted o f  
coal -der ived o i l  as w e l l  as t e t r a l i n  so lvent ;  t he re fo re ,  the o i l  y i e l d  was 
determined by the d i f f e r e n c e  between the  i s o l a t a b l e  products  descr ibed above and 
t h e  maf coal  weight ( t hus  the amount i nc ludes  gases and r e a c t i o n  product  water). 
For t h i s  reac t i on ,  y i e l d s  o f  THF so lub les  were 19%, to luene so lub les were 25%, 

A second method f o r  p repara t i on  o f  t he  d i s c r e t e  p i l l a r s  was u t i l i z e d .  I n  
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and o i l s /gases  were 46%, with a t o t a l  conversion t o  soluble  products of 90%. 
Composition of the  o i l  product was determined by gas chromatography of the 
pentane / te t ra l in  solut ion.  T h i s  analysis  showed t h a t  the coal-derived o i l  
product consis ted of 9% phenolics and 25% hydrocarbons, based on maf coal .  
product qua l i ty  i s  b e t t e r  than previously a t ta ined  w i t h  t h i s  coal in  a 1-hr 
s ingle-s tage run. Further coal 1 iquefaction t e s t s  a r e  in  progress. 
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